Abstract-In this paper, 0.7Pb(Mg 1/3 Nb 2/3 )O 3 -0.3PbTiO 3 (PMN-PT) single crystal/epoxy 1-3 composite was used as the active material of the endoscopic ultrasonic radial array transducer, because this composite exhibited ultrahigh electromechanical coupling coefficient (k t = 0.81%), very low mechanical quality factor (Q m = 11) and relatively low acoustic impedance (Z t = 12 MRayls). A 6.91 MHz PMN-PT/epoxy 1-3 composite radial array transducer with 64 elements was tested in a pulseecho response measurement. The −6-dB bandwidth of the composite array transducer was 102%, which was ~30% larger than that of traditional lead zirconate titanate array transducer. The two-way insertion loss was found to be −32.3 dB. The obtained results show that this broadband array transducer is promising for acquiring high-resolution endoscopic ultrasonic images in many clinical applications.
I. Introduction E ndoscopic ultrasound (EUs) combines endoscopy and ultrasound to obtain images and information about the digestive tract or respiratory system. Endoscopy used in the digestive tract refers to the procedure of inserting an endoscope via the mouth or the rectum to visualize the surrounding organs or tissues, while an ultrasound transducer installed on the tip of the endoscope is producing images for those organs and tissues inside the body such as lungs, liver, gallbladder, pancreas, aorta, etc. [1] [2] [3] [4] . The obtained images are more accurate and detailed than those acquired by a traditional transducer being placed directly on the skin overlaying the target organ(s). numerous studies have been performed showing that this methodology is very effective, safe, well-tolerated, and minimally-invasive [5] [6] [7] .
Most EUs systems are based on single-element transducers, which are mechanically driven by a motor to rotate inside the endoscope to form an image by 360° scanning.
The fabrication of this type of transducer is relatively easy, but the requirement of mechanical scanning often limits the frame rate of the imaging system [8] . radial array transducers have solved this problem by electrically scanning for imaging. However, the difficulties in the fabrication of radial array transducer have restricted the wide application of this solution.
The active material used for most existing endoscopic ultrasound transducers is the piezoelectric ceramic Pb(Zr 1−x Ti x )o 3 (PZT), but other piezoelectric materials may have better piezoelectric properties [9] , [10] . The challenges for building the radial array transducer are that the array elements have to be extremely small in size and are subject to considerable bending force as they are rolled into the shape of a ring, so this fragile ceramic certainly has a great chance to be broken during the rolling process. although piezopolymers such as polyvinylidene fluoride (PVdF) have good acoustic impedance matching with human tissues and high flexibility, it is also not recommended for use as the material to fabricate radial array elements with extremely small size because of its low dielectric permittivity and low piezoelectric response [11] [12] [13] . compared with those single-phase materials, a 1-3 composite of piezoelectric rods embedded in a passive epoxy matrix a better choice for the active material because of its high electromechanical coefficient, high flexibility, and the acoustic impedance of this composite is comparable to that of human tissues [14] [15] [16] .
relaxor-based ferroelectric single crystals (1−x) Pb(Mg 1/3 nb 2/3 )o 3 -xPbTio 3 (PMn-PT) with compositions near the morphotropic phase boundary (MPb) exhibit large piezoelectric coefficients (d 33 > 2000 pc/n), high electromechanical coupling factors (k 33 ~ 94%) and high E-field induced strain (1.7%) [17] [18] [19] [20] . by utilizing the excellent longitudinal vibration performance of PMn-PT single crystal, the 1-3 composite can have ultrahigh electromechanical coupling factor (k t ~ 90%), low mechanical quality factor (Q m ~ 10), and low acoustic impedance (Z < 20 Mrayls) [21] . With these improved parameters, the pulse-echo response and bandwidth of the fabricated ultrasound transducer will be greatly enhanced. The plane transducers fabricated with PMn-PT single crystal and its 1-3 composite for ndE and medical applications have already been reported [22] , [23] . In this paper, an endoscopic ultrasound radial array transducer with PMn-PT single crystal/epoxy 1-3 composites as the active elements was designed, fabricated, and tested.
II. Fabrication and characterization of PMn-PT/ Epoxy 1-3 composites large-size and high-quality rhombohedral PMn-PT single crystals with PT composition of 30%, which is close to MPb [21] , [22] , were grown by a modified bridgman method [24] , [25] . The as-grown single crystals were oriented along [001] direction as examined by an X-ray diffractometer, and diced to a large plate with dimension of 35 × 12 × 0.4 mm. The 1-3 piezocomposites were fabricated from this single crystal plate by using the diceand-fill method [26] . a 50-μm-thick dicing nickel/diamond blade and a dad 321 dicing saw (disco corp., Tokyo, Japan) was used to cut the PMn-PT single crystal, but kerf width was measured to be 57 μm. The element pitch was 73 μm. The dicing pitch and depth were set as 130 and 300 μm, respectively. The volume fraction of PMn-PT pillars in the composite was calculated to be 32%. The dicing process was performed under a low cutting speed of 0.46 mm/s to avoid breakage of the fragile PMn-PT single crystal. Fig. 1 shows the photograph of the diced PMn-PT single crystal and an enlarged image of a randomly selected area on the diced plate. The kerfs were filled by low-viscosity epoxy (Epo-Tek 301, Epoxy Technology, billerica, Ma). The epoxy matrix was placed under vacuum before solidification to remove the trapped bubbles. after the epoxy was cured, the bottom and the top side of the composite were ground to remove the bulk PMn-PT single crystal layer and the excess epoxy layer, respectively. The final thickness of the composite was 165 μm. chromium/gold (cr/au) electrodes with thickness of ~500 nm were sputtered on both sides of the composite. The composite was poled under an electric field of 1.5 kV/mm at room temperature for 15 min. Finally, a composite with a smaller area of 30.08 × 11 mm was cut from the original plate for fabricating the radial array transducer. a testing sample with an area of 0.47 × 11 mm was also cut from the original plate for electrical characterization of the array elements.
according to the IEEE standards on piezoelectricity [27] , the following parameters were derived from the measured spectrum of the composite sample as shown in Fig.  2 using an impedance analyzer (4294a, HP/agilent Technologies, santa clara, ca) at room temperature: 1) resonance frequency (f r ) and anti-resonance frequency (f a ) from the impedance spectrum in Fig. 2 3) frequency constant (N t )
where t is the thickness of the sample; 4) sound velocity (c)
where ρ represents the density of the sample.
where C is the capacitance measured at a high frequency of 40 MHz, S is the sample area, and ε 0 is the dielectric constant in vacuum. 7) lower and upper −6-db frequency (f −1/2 and f +1/2 ) from the conductance spectrum in Fig. 2 (b)
upper frequency with half of the conductance obtai n ned at r f (6)
lower frequency with half of the conductance obtai n ned at r f ;
8) mechanical quality factor (Q m )
The measured properties of the testing sample of the PMn-PT/epoxy 1-3 composite and those of other common piezoelectric materials are shown in Table I . The fabricated composite possesses very low acoustic impedance and mechanical quality factor, moderate dielectric constant, and ultrahigh electromechanical coupling factor. These advantages suggest that it is possible to make broadband high-resolution ultrasound transducers with this PMn-PT/epoxy 1-3 composite.
III. design consideration of the radial array Transducer
The as-prepared PMn-PT/epoxy 1-3 composite with the dimensions of 30.08 mm (length) × 11 mm (width) × 0.165 mm (thickness) was then used to fabricate the radial array transducer. Fig. 3 shows the schematic cross section of the radial array transducer. The designated resonance frequency of a single element of the array was 6.5 MHz. The backing layer was made by mixing polyether-modified epoxy resin (lEr-0350, liyi, shanghai, china) with tungsten powder and micro-bubbles. This layer possesses high acoustic attenuation so that it can eliminate the back-wall reflections and reduce the ring-down time of the transducer. The backing layer is also highly flexible so that it can be easily wrapped onto the copper cylinder. To further enhance the bandwidth and sensitivity of the transducer, a front-face matching layer was employed. The thickness of matching layer was set to be λ/4, where λ is the wavelength of the acoustic wave emitted by a single array element when it is activated at its resonance frequency. The designated acoustic impedance of the single matching layer (Z 1 = 3 Mrayls) was calculated as follows [28] :
where Z 0 (12 Mrayls) is the impedance of the PMn-PT/ epoxy 1-3 composite and Z l (~1.5 Mrayls) is the impedance of load medium (i.e., body tissue and water). In this work, the matching layer was made by mixing low-viscosity epoxy (Epo-Tek 301) with alumina powder of ~5 μm in diameter. The measured impedance of the fabricated
Property
PMn-PT/epoxy 1-3 composites PZT-5H ceramic [9] , [10] PVdF [11] [12] [13] PMn-PT single crystal [18] dielectric matching layer is 3.9 Mrayls which is close to the designated value. The transmitting and receiving properties of the matching layer are optimal for this thickness. The material properties of the backing and matching layers are listed in Table II. IV. Fabrication and characterization of radial array Transducer Fig. 4 shows the fabrication procedures of the radial array transducer. The backing layer with thickness of 330 μm and the matching layer with thickness of 100 μm were cured at room temperature for 24 h. The fabricated backing and matching layer were adhered to the lower and upper surface of the prepared PMn-PT/epoxy 1-3 composite by using low-viscosity epoxy (Epo-Tek 301). because margins of 1 mm were required at both ends of the width of the composite for wire connection, the areas of backing and matching layer were 30.08 mm (length) × 10 mm (width). an external stress was imposed on the three-layer laminate to ensure thin bonding layers (<5 μm). a slender epoxy rod consisting of 64 equally distributed grids with distance between two consecutive troughs equal to 470 μm was made. This rod was used to arrange 64 coaxial cables regularly on the top electrode where the matching layer was attached. actually, only the core wires of the coaxial cables were bonded on the top electrode using an electrically conductive adhesive (E-solder 3022, Von roll Isola Usa Inc., schenectady, ny) cured at room temperature for 24 h. Then, the three-layer laminate was vertically cut into 64 elements along the width direction with thorough separation on matching and piezoelectric layer and partial separation on the backing layer (the ~200-μm-thick backing layer remained uncut). The center-to-center distance between two consecutive array elements was 470 μm. because the cut width was measured to be 57 μm, the actual width of a single array element was 470 − 57 = 413 μm. The three-layer laminate with 64 array elements was then wrapped on a copper tube to form the radial array transducer. This transducer has an outer diameter of 10 mm and an inner diameter of 6 mm. The copper tube was electrically connected to the bottom electrodes of the array elements and the ground wires of the coaxial cables by using electrically conductive adhesive (E-solder 3022). after that, a thin layer of parylene c (supplied by specialist coating systems, Indianapolis, In) with 1 μm thickness was deposited onto the arrays as a waterproof coating. Fig. 5 is a photo of the radial array transducer.
The performance of the radial array transducer was measured by using a conventional pulse-echo response measurement method [29] . The center frequency (f c ), −6-db bandwidth (bW), and two-way insertion loss (twoway Il) of the transducer were obtained from the measurement. The radial array transducer was mounted on a holder and immersed in a water tank with a stainless steel target placed inside. by connecting to an ultrasonic pulser-receiver (Panametrics 5900Pr, olympus, Tokyo, Japan), each of the array elements was excited individually by a 1-uJ electrical impulse with 1 kHz repetition rate and 50 Ω damping factor. The echo responses were captured by the receiving circuit of the pulser-receiver and displayed on an oscilloscope (Infinium 54810a, HP/agilent). The built-in fast Fourier transform (FFT) feature of the oscilloscope was used to compute the frequency spectrum of the pulse-echo response. The f c and bW of the transducer were determined from the measured FFT spectrum [29] :
where f 1 and f 2 represent the lower and upper −6-db frequencies, respectively; that is, the two frequencies at which the magnitude of the amplitude in the spectrum is 50% (−6 db) of the maximum. The two-way Il or the relative pulse-echo sensitivity is the ratio of the transducer output power P o to the input power P i delivered to the transducer from a driving source. If the output resistance R o is assumed to be equal to the input resistance R i , the two-way Il can be simpli- The radial array transducer was connected to a function generator (8116a, HP/agilent) which was used to generate a tone burst of 20-cycle sine wave with amplitude equal to V i and frequency equal to f c . In response to this excitation signal, the radial array transducer would receive an echo signal with amplitude V o , as measured by the oscilloscope with 1 MΩ coupling. The amplitude of the driving signal was then measured with 50 Ω coupling.
V. Performance of the Fabricated radial array Transducer Fig. 6 shows the impedance and phase spectrum of a single array element of the PMn-PT/epoxy 1-3 composite radial array transducer. These spectra were measured by an impedance analyzer (HP 4294a) at room temperature. The resonance frequency and anti-resonance frequency for the thickness vibration mode of an array element are found to be 6.96 and 9.60 MHz, respectively. The corresponding effective electromechanical coupling coefficient is calculated to be 0.69.
The pulse echo response of the radial array transducer was measured by receiving the reflected vibration from the surface of a stainless steel target placed in a water bath. Ten array elements were randomly chosen for the measurement. Fig. 7 shows the pulse-echo response and FFT spectrum of a single array element. by using (10), the average center frequency of the chosen elements was found to be 6.91 MHz, which is very close to the resonance frequency. The average −6-db bandwidth was calculated to be 102% by using (11) . The −6-db bandwidth of our radial array transducer (~100%) is much higher than that of the common commercial PZT array transducers (~70%). The average two-way insertion loss at center frequency of the chosen elements was calculated to be −32.3 db using (12) . VI. conclusion a 6.91 MHz PMn-PT/epoxy 1-3 composite radial array transducer with 64 elements has been fabricated and characterized. PMn-PT single crystal/epoxy 1-3 composite was fabricated and proved to have ultrahigh electromechanical coupling factor (k t = 0.81), very low mechanical quality factor (Q m = 11), and relatively low acoustic impedance (Z t = 12 Mrayls) compared with other traditional piezoelectric materials. The result suggests that 1-3 composite is more suitable for use as the active material in radial array transducers. The −6-db bandwidth of the fabricated transducer was 102%, which is much higher than common commercial PZT array transducers (~70%). The fabricated transducer also exhibits a low two-way insertion loss of −32.3 db. Therefore, this research work has indicated the promising potential of the PMn-PT/epoxy 1-3 composite radial array transducer for applications in the endoscopic imaging field.
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